ABSTRACT The iodotyrosine dehalogenase1 (DEHAL1) enzyme is a transmembrane protein that belongs to the nitroreductase family and shows a highly conserved N-terminal domain. DEHAL1 is present in the liver, kidney and thyroid of mammals. DEHAL1 is known to act on diiodotyrosine (DIT) and monoiodotyrosine (MIT), and is involved in iodine recycling in relation to thyroglobulin. Here, we show the distribution of DEHAL1 during gastrulation to neurulation in developing chick. Immunocytochemistry using an anti-serum directed against the N-terminal domain (met 27 -trp 180 fragment) of human DEHAL1 revealed labelled cells in the embryonic ectoderm, embryonic endoderm, neural plate and in the yolk platelets of the chick embryo at gastrulation stage. Distinct DEHAL1 positive cells were located in the presumptive head ectoderm, presumptive neural crest, head mesenchymal cells and in the dorsal, lateral and ventral parts of neural tube during neurulation. Some cells located at the margin of the developing notochord and somites were also DEHAL1-positive. While the functional significance of this observation is not known, it is likely that DEHAL1 might serve as an agent that regulates cell specific deiodination of MIT and DIT before the onset of thyroidal secretion. The presence of DEHAL1 in different components of the chick embryo suggests its involvement in iodine turnover prior to the formation of functional thyroid.
human thyroid (Gnidehou et al., 2004) . DEHAL1 belongs to the nitroreductase family, with a highly conserved N-terminal domain located between Glu 92 and Gly 244 and a putative transmembrane domain between Asn 213 and Gln 229 (Gnidehou et al., 2004) . DEHAL1 is quite different from other deiodinases. DEHAL1 acts on diiodotyrosine (L-DIT) and monoiodotyrosine (L-MIT), whereas, deiodinases act on thyroxine (T4) and triiodothyronine (T3) (Solis et al., 2004) . The DIT and MIT are released during the hydrolysis of thyroglobulin (Dunn and Dunn, 2001; Gnidehou et al., 2004) . This enzymatic deiodination is a reductive process that leads to the formation of iodine and tyrosine, both of which can then be reutilized for thyroglobulin synthesis (Gnidehou et al., 2006) . While this iodotyrosine deiodinating enzyme has been found in the thyroid of reptiles and mammals, the enzyme has also been noticed in the liver and kidney of sheep and cattle (Roche et al., 1952; Stanbury, 1957 and 1958; Chiu and Wong, 1978; Goswami and Rosenberg, 1979) .
In mammals, two isoforms of DEHAL1 protein, DEHAL1 and DEHAL1B have been reported (Moreno, 2003) . Recently, the occurrence of new mRNA variant, DEHAL1C, has also been bation (stage-7), positive immunoreaction was detected in the various regions of the embryo. A very strong immunoreaction was seen in the presumptive neural crest cells (pnc) near the dorsal margin of the neural fold and the reaction was membrane bound (Fig. 1 E, F, H) . Some of the cells in the ventrolateral part of the neural plate close to the developing notochord showed strong immunoreaction (Fig. 1G) . The cells were spherical in shape and reported (Gnidehou et al., 2006) . All three isoforms show similarity in their N-terminal domain, but differ in their cytoplasmic C-terminal tail which plays a critical role in the activity of DEHAL1 isoforms (Gnidehou et al., 2006) .
Till date there are no reports on the occurrence and role of DEHAL1 in a vertebrate embryo. Here we report the occurrence of DEHAL1 in the discrete regions of the chick embryo during early embryogenesis, before the onset of thyroidal secretion. Our report on the occurrence of DEHAL1 in chick embryo may provide clues to our understanding of the iodine metabolism during early embryogenesis.
Results

Immunohistochemistry
Primitive streak and head fold stage
Following 18 hrs of incubation, during gastrulation (stage-4), very strong DEHAL1 positive reaction was observed in the area pellucida and also in the area opaca ( Fig. 1 A-C) . In the embryonic ectoderm (ec) the immunoreaction was localized on the cell membrane of the cells (Fig. 1A) . A large number of cells in the neural plate (np) showed strong DEHAL1 positive reaction ( Fig. 1 A-B) . In the center of the neural plate, few cells showed DEHAL1 positive reaction (Fig. 1B) . The reaction was distinctly localized on the membrane of cells. The yolk platelets (yp) showed strong immunoreactivity (Fig. 1C) . Few cells of the embryonic endoderm (en) were also DEHAL1 immunoreactive (Fig. 1B) . After 24 hrs of incubation, during the head fold stage (stage-6), weak immunoreactive cells were seen in the middle region of embryonic axis. DEHAL1 positive reaction was seen in the presumptive neural crest cells, dorsal margin of the neural fold, and also in the embryonic ectoderm (not shown). In the posterior part of the embryo, where the primitive streak is regressing few primitive neural crest cells (pnc) and some of the cells on dorsal side of the neural plate (np) were strongly DEHAL1 reactive (Fig. 1D ). DEHAL1 immunoreaction in the yolk platelets was similar as seen in stage 4 embryo.
Neurulation
During early neurulation, at 26 hrs of incu- Few marginal cells of the developing notochord (nc) and somite (s) were also DEHAL1 reactive (Fig. 1J ). During later stages of neurulation (stage 9-10), when the neural fold fuses, overall immunoreaction pattern was similar in the forebrain and midbrain as seen in stage 8. In the forebrain, reaction was weak and restricted to the lateral part while in the midbrain region immunoreaction was detected in the dorsal part of the neural tube (Fig. 1K ). Similar reaction was also seen in the hindbrain region. A group of ectoderm cells (ec) near dorsal part of the neural tube were positive for DEHAL1 (Fig. 1K ). During late neurulation (Stage 11-12), overall reaction was very weak and localized in various parts of the neural tube.
Sections of mouse and chicken thyroid gland, used as a positive control, showed positive DEHAL1 immunoreaction in the thyrocytes of the thyroid follicles ( Fig. 2 A,C) . Preabsorption of the primary antibody with pure human DEHAL1 antigen resulted in complete loss of immunoreaction (Fig. 2D) . Similarly, omission of the primary antibody from the reaction (negative control) resulted in complete loss of immunoreaction (Fig. 2E ).
Immunoblot assay
During Immunoblot assay, it was found that anti-DEHAL1 antibody used in this study recognizes a protein with an apparent molecular mass of 33 KD in the chick embryo (Fig. 2B ).
Deiodinase assay
During enzyme assay, the DEHAL1 activity could be measured in the various stages (stages 4-12) of the chick embryo ( 
Discussion
In the present study we demonstrate for the first time occurrence of DEHAL1 in the chick embryo during gastrulation and neurulation. Although anti-DEHAL1 antibody used in this study was raised against human DEHAL1 protein, it seems to cross- react with DEHAL1 polypeptide in chicken, perhaps because DEHAL1 has a highly conserved N-terminal domain located between Glu 92 and Gly 244 (Gnidehou, et.al., 2004) . The Chicken (Gallus gallus) and human iodotyrosine deiodinase protein sequences have shown 84% homology when aligned (GeneID: 421631, GeneID: 389434, NCBI Blast).
The immunoreactivity seems to be specific to DEHAL1, since various control procedures including preabsorption of the primary antibody with pure DEHAL1 antigen resulted in complete loss of immunoreaction. Chicken and Mouse thyroid sections used as a positive control showed immunoreaction on the membrane of thyrocytes in the thyroid follicles. Similar type of DEHAL1 positive reaction was reported in the Human thyroid (Gnidehou, et.al., 2004 Immunoblot analysis revealed that anti-DEHAL1 antibody used in this study recognized a protein with an apparent molecular mass of 33 KD in the chick embryo. Human DEHAL1 was also found to be in the similar molecular weight range (Gnidehou, et.al., 2004) .
Occurrence of DEHAL1 is documented in the thyroid, liver and kidney of several adult mammals (Friedman et al. 2006; Gnidehou et al., 2006) and also in the thyroid of reptiles (Chiu and Wong, 1978) . In these tissues, DEHAL1 is involved in rapid recycling of iodine by deiodinating diiodotyrosine (L-DIT) and monoiodotyrosine (L-MIT) released during the hydrolysis of thyroglobulin (Dunn and Dunn, 2001; Gnidehou et al., 2004) . However, there is no information on the occurrence and role of DEHAL1 in developing vertebrates. Present study shows the presence of DEHAL1 in the discrete regions of chick embryo during embryogenesis and considers its functional significance.
The distribution pattern and the intensity of DEHAL1 in chick embryo seems to be specific to the developmental stages. During gastrulation, DEHAL1 was located in the presumptive ectoderm, endoderm and neural plate. However, during neurulation occurrence became restricted and specific to some areas like presumptive neural crest cells, head mesenchyme cells, and few cells in the neural tube, notochord, ectoderm, endoderm and somites. Yolk platelets in the area opaca were also positive for DEHAL1, from gastrulation till neurulation. Enzyme assay also revealed similar results. Maximum DEHAL1 enzyme activity was measured at gastrulation (stage-4) (93.493 1.886 S.A. U/mg protein) while minimum activity was measured at late neurulation (stage-12) (22.24 1.131 S.A. U/mg protein).
Iodine metabolism seems critical during chick embryo development. T4 and T3 are deposited in the egg of chicken and quail during oogenesis and are available to the developing embryo before the onset of thyroid function (McNabb and Wilson, 1997; Prati et al., 1992) . Reports suggest that the yolk platelets in the area opaca release T3 even before gastrulation (Flamant and Samarut, 1998) . The released hormone diffuses from yolk to the area pellucida cells and is available to the developing embryo before the onset of its thyroidal secretion (Prati et al., 1992) . T3 hormone is also produced in the Hensen's node and primitive streak during gastrulation. T3 hormone may be physiologically active since the c-erbA gene, which codes for thyroid hormone receptor, is also expressed during gastrulation and neurulation (Flamant and Samarut, 1998) . Recent studies in adult chickens suggest that T3 may be converted to DIT in presences of deiodinase enzymes (D1, D2, D3) (Geyten et al., 2002; Darras et al., 2000 Darras et al., , 2006 . Thyroid hormone receptor gene is also reported to express during development of frog and influences apoptosis and cell proliferation (Shi et al., 1998) . Furthermore, it is also reported that in mammals DIT may be converted to MIT and ultimately MIT into iodine and tyrosine in the presence of DEHAL1 (Dunn and Dunn, 2001; Gnidehou et al., 2004) . While the physiological significance of DEHAL1 during development in the chick embryo is not known, we speculate that it might be involved in the active metabolism of DIT and MIT in the developing chick. Furthermore, presence of DEHAL1 in the discrete regions of the chick embryo can be used as a marker for the presence of iodine compounds like DIT and MIT. In addition, presence of DEHAL1 in different components of the chick embryo suggests its involvement in iodine turnover prior to the formation of functional thyroid.
Materials and Methods
All the experiments were performed following ethical guidelines established for animal usage by University of Pune, India. Fresh fertilized White Leghorn chicken eggs were incubated at 37.5 º C and embryos were staged according to Hamburger and Hamilton (1951) . Embryos at the required developmental stages from gastrulation till neurulation (stage 4-12) were harvested by the filter paper ring technique (Olzanska and Lassota, 1980) . For immunohistochemical study, chick embryos (stage 4-12) were washed in saline and fixed in Bouin's fixative or 4% Paraformaldehyde (in 0.1 M phosphate buffer, pH 7.4, on ice) for 24 hrs. Embryos were washed to remove the fixative and then dehydrated in alcohol, embedded in Paraffin and serially sectioned (6m) in the transverse plane. Sections were mounted on poly-L-Lysine coated slides and were stored for further use. For immunoblot analysis and enzyme assays, chick embryos (stage 4-12) were harvested and frozen in liquid nitrogen and immediately stored at -80C until further experimentation.
Immunodetection
Rabbit polyclonal antibody was raised against met 27 -trp 180 fragment of DEHAL1 enzyme. Rabbits were immunized by intradermal injections of 150 g of recombinant DEHAL1 protein. Serum was collected one month after the third injection (in Prof. Corinne Dupuy's Laboratory, Gnidehou, et.al., 2004) . This DEHAL1 antibody was used at a dilution of 1:200 in the immunohistochemistry experiments and 1:5000 in the Western blot analysis.
Immunohistochemistry
Chick embryo sections were deparaffinized, hydrated and then treated with 0.3% H 2 O 2 in methanol for 40 min to deactivate endogenous peroxidase activity. Sections were then washed in 0.01 M phosphate buffered saline (PBS, pH 7.5, 20 min), incubated for 30 min in PBS containing BSA (0.5%) and gelatin (0.5%) and again washed in PBS (10 min). Sections were treated with goat serum (1:40 dilution, 30 min, room temperature, Vectastain, Burlingame, CA, USA). After blotting off excess serum, sections were incubated (16 hrs, 4 º C) in a humid chamber with anti-DEHAL1 antibody (1:200 dilution), generated in the rabbit against Nterminal domain (met 27 -trp 180 fragment) of human DEHAL1 protein. After the incubation, slides were washed in PBS (10 min) and treated with biotinylated goat anti-rabbit antibody (30 min), followed first by a 10 min wash in PBS and then incubation (16 º C, 40 min) with ABC reagent (1:100 dilution, Vectastain, Burlingame, CA, USA). After three washes in PBS, sections were reacted in dark for 5-6 min with 0.05% 3,3'-diaminobenzidine tetra hydrochloride (DAB) and 0.02% H 2 O 2 dissolved in 0.05 M Tris (pH 7.2). Slides were rinsed in distilled water (5 min), dehydrated in alcohol, cleared in xylene and were mounted in DPX.
To verify the specificity of antibody, several control procedures were performed. These included omission of the primary antibody from the reaction and replacing the antiserum against DEHAL1 with PBS. For preadsorption controls, 1 ml of diluted antibody was incubated with pure DEHAL1 protein at 10 -5 M, for 24 hrs prior to the incubation. To test the antibody, a tissue known to contain DEHAL1, the thyroid gland of mouse and 17 days post hatch chicken/ adult chicken thyroid were processed as a positive control.
Mouse and chicken were anesthetized and the thyroid gland was dissected out. Thyroid tissues were processed and the paraffin sections were cut at 6 m thickness. Sections were processed for immunocytochemical staining with DEHAL1 antibody according to the above protocol.
Immunoblot analysis
DEHAL1 immunoblot analysis of the crude extracts of chick embryos was performed. The embryos were homogenized in lysis buffer containing 50 mM Tris-HCl (pH 7.5), 50 mM MgCl 2 , 1 mM EDTA, 1% Triton X-100 and PMSF and a cocktail of protease inhibitors. The homogenate was centrifuged at 10,000 rpm for 10 min to eliminate the cell debris. Protein estimation was done using Bradford's method (Bradford, 1976) .
A 10% Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) was performed and 80 g of protein sample was loaded and electrophoresed. The separated proteins were transferred to nitrocellulose membrane (MDI Cellulose Nitrate Blotting membrane, Advanced Microdevices, Ambala, India) by electro-blotting in transfer buffer (192 mM glycine, 25 mM Tris, 0.1% SDS, 20% methanol) for 1.5 hrs at 20V using a minigel electro transfers system (BioRad). After transfer, the membrane was treated with blocking solution in PBS containing 0.1% Triton X-100 and 1% BSA for 30 min at room temperature. Blot was incubated overnight at 4ºC in DEHAL1 antisera (1:5000 dilution). After incubation, membrane was washed in PBS thrice (15 min each) and then incubated with biotinylated goat anti-rabbit antibody (1:1000 dilution) for 2 hrs, followed by incubation with ABC reagent (1:100 dilution) for 2 hrs at room temperature. 3,3'-diaminobenzidine tetra hydrochloride (DAB) was used as chromogenic substrate to visualize the reaction product.
Deiodination assay
Chick embryos of different stages (stage 4-12) were weighed and separately homogenized (1:4, w/v ratio) in ice-cold 0.1M Tris buffer, pH 7.4 containing a PMSF and cocktail of protease inhibitors. The homogenized samples were centrifuged at 10,000 rpm for 10 min at 4ºC to eliminate cells debris. The supernatants were collected and stored at -20ºC until further use. Protein estimation was carried out according to Bradford (1976) . Enzyme activities for DIT were measured in triplicates by iodine liberation method (Bergmann and Sanik, 1957) .
The standard assay mixture (total volume of 2.00ml) contained 0.1M Tris buffer (pH 7.4), 0.1mM Dithiothreitol (DTT), substrate solution 5mM and 0.05moles nicotinamide adenine dinucleotide phosphate (NADPH) as final concentration. The reaction was initiated by addition of enzyme and incubated at 30 o C for 30 min with constant shaking. The reaction was terminated by the addition of 10l of 3 M sulfuric acid and the assay mixture was centrifuged at 3000 rpm for 2 min at room temperature. One ml of supernatant was taken and mixed with 0.1ml of 0.25 M Ferric ammonium sulfate and 0.1ml of absolute alcohol saturated with mercuric thiocyanate. Control incubations were carried out in the absence of the enzyme and the activity was corrected for non-enzymatic deiodination. The deiodinating enzyme activity was read spectrophotometrically at 460 nm. The enzyme activity was performed thrice from three independent sets and the standard deviation calculated (enzyme assay performed three times and each set consisted of pool of 20 embryos).
One unit of enzyme activity is expressed as the amount of enzyme that catalyzed the liberation of 1mole of iodine per minute under the given assay conditions (Bergmann and Sanik, 1957) .
